Computer modelling studies are described emphasizing the behavior of InP concentrator cells at high concentration and elevated temperature with application to both the Cassegranian and SLATS concentrator systems. Production cells are discussed including their intended use to power a spacecraft scheduled for launch in 1990.
INTRODUCTION
Indium phosphide solar cells are excellent candidates for use in the space radiation environment.
This follows from their significantly increased radiation resistance when compared to silicon and gallium arsenide, the cells currently used in space.
It has also been shown that radiation damage in indium phosphide can be partially removed by exposure to light at room temperature.1
Furthermore, air mass zero (AMO), total area efficiencies of over 21% have been predicted using a conservative model.2
In theory, InP solar cells should have AMO efficiencies approximately 1% lower than GaAs and considerably higher than Si. However, after exposure to the space radiation environment, over the average spacecraft lift span, the end of life output from indium phosphide solar cell arrays should be considerably greater than that which would be obtainable using the remaining two cell types.
For this reason, the NASA Lewis
Research Center initiated a program aimed at developing a high efficiency relatively radiation resistant solar cell. Progress attained in this program is described in addition to a description of related work in other countries. Air mass zero total area efficiencies near 19% were achieved and computer modelling studies indicate that efficiencies over 21% are feasible. Radiation effects studies in both the laboratory and space are described and a comparision made between the radiation resistance of InP, GaAs and Si.
Computer modelling studies are described emphasizing the behavior of InP concentrator cells at high concentration and elevated temperature with application to both the Cassegranian and SLATS concentrator systems. Production cells are discussed including their intended use to power a spacecraft scheduled for launch in 1990. Several potentially fruitful areas are suggested for future research.
It has also been shown that radiation damage in indium phosphide can be partially removed by exposure to light at room temperature. ^ Furthermore, air mass zero (AMD), total area efficiencies of over 21% have been predicted using a conservative model.2 in theory, InP solar cells should have AMO efficiencies approximately 1% lower than GaAs and considerably higher than Si. However, after exposure to the space radiation environment, over the average spacecraft lift span, the end of life output from indium phosphide solar cell arrays should be considerably greater than that which would be obtainable using the remaining two cell types. For this reason, the NASA Lewis Research Center initiated a program aimed at developing a high efficiency relatively radiation resistant solar cell. Progress attained in this program is described in addition to a description of related work in other countries.
BACKGROUND
Prior to 1984, research activitity concerned with InP solar cells was directed mainly towards terrestrial applications. Much of the early work was concerned with multicomponent structures such as ITO ITO/InP and CdS/ InP. 3,4,5 j n addition, MIS Schottky barrier cells were produced using p-type InP. 5 The first monolithic homojunction cells, reported by Rappaport in 1959, had extremely low efficiencies (2%). 7 It was not until 1980 that an n + pp+ InP monolithic solar cell with reasonable air mass 1 efficiencies (15%) was produced. 8 Unfortunately, none of these research efforts were concerned with the effects of radiation damage. Thus the potential of InP for space applications was not apparent from these early investigations. The first reported radiation damage data on InP appeared in 1984 and 1985.9,10 These latter investigations demonstrated the superior radiation resistance of InP to both Si and GaAs under electron and proton irradiations.^''^ With the exception of reference 10 all of these early investigations determined cell performance under terrestrial conditions (air mass 1 or higher). Due to shifting of the solar spectrum, in passing through the atmosphere, efficiencies measured under terrestrial conditions are considerably higher than those measured for the same cell under simulated outer space air mass zero (amo) conditions.
In many of the earlier investigations reported efficiencies are quoted in terms of active cell area thus neglecting the area under the cell's front contact metal1ization.3>4,5 , 6 , 9 p or space applications, it is standard procedure to report cell efficiencies in terms of total cell area.
Hence all of the cell parameters quoted in the remainder of this review will adhere to the standard conditions for reporting space solar cell performance.
CELL EFFICIENCIES
Advances in cell efficiencies, dating from the intitially reported radiation damage results in 1984, are shown in figure 1. The first cells were produced by a closed tube diffusion process. 9,11 However, the highest AMO efficiency (18.8%) was produced using a combination of Organometal1ic Chemical Vapor Deposition (OMCVD) and ion-imp!ant ation. 1 2
In these latter cells a zinc doped p-layer,3 microns thick was deposited onto a heavily doped buffer layer which had been epitaxially deposited onto a heavily doped p-type substrate. The p-n junction was formed by ion-implantation of silicon. 12 p or reasons of economy all of the cells whose efficiencies are shown in figure 1 are of relatively small area (0.25 and 0.31 cm 2 ). Larger area (4 cm 2 ) cells, of reasonably high efficiencies (16.6%) have been produced in Japan using a closed tube diffusion process. '3 These cells have been produced in relatively large quantities with areas of 2 and 4 cm 2 respectively. '3 These cells are intended to supply power to a small piggyback satellite scheduled for launch in 1990. 14 A schematic of the satellite is shown in' figure 2. The larger spacecraft will perform periodic lunar swingbys. At the first swingby, the smaller satellite, powered by InP solar cells, will be inserted into lunar orbit.
The larger satellite, which is powered by silicon solar cells, will then continue to perform its primary mission of periodic lunar swingbys. 14 In addition to monolithic InP cells there is some interest in In space applications, the ultimate test of a cell's performance is of course its behavior in the space radiation environment. At the present early stage of development, there is very little space data available for InP. The sole experience of InP in space consists of a small experimental module on board the LIPS III satellite.^ i n lieu O f space data it is customary, albiet necessary, to resort to laboratory irradiations. These typically consist of 1 MeV electron and 10 MeV proton irradiations. A comparision of InP, GaAs and Si solar cells under 1 MeV electron irradiations is shown in figure 3 .
In terms of normalized efficiency InP exhibits significantly more radiation resistance, under 1 MeV electron irradiation than is the case for GaAs and silicon, the cells currently used in space. 17 With regard to silicon, cells with 18.1% AMO efficiencies have been reported by Green.18 However, the p-base resistivities of these cells is 0.1 ohm-cm. As one can see from figure 3, silicon cells with such low p-base resistivities have poor radiation resistance.^
The silicon cell labelled 10 ohm-cm is more typical of the cells currently used in space. Such cells have AMO efficiencies in the vicinity of 15% With regard to InP, the cell labelled InP-dark, was electron irradiated in the dark while the cell labeled InP-i11uminated was electron irradiated in the presence of incident light.l Irradiation of InP in the presence of light results in increased radiation resistance due to the photoinjection of minority carriers.
These data tend to indicate the possibility of self annealing effects for InP solar cells under space flight conditions.
The results of 10 MeV proton irradiations are shown in figure  4 .1 9
The figure includes data for ITO/InP cells together with small and larger area InP cells.
The larger area InP cells are identical to those processed in Japan for the Muses A satellite. 13, 14 Yh e smaller area InP cells are n/p homojunctions identical to those placed on board the LIPS III satellite.I 6 The figure indicates that the radiation resistance of the ITO/InP cells, at least under 10 MeV proton irradiation, is comparable to that of the InP homojunction cells and that all of the InP cells exhibit radiation resistance which is superior to that of GaAs. The improved radiation resistance is attributed to better quality of the InP wafers used in processing these cells.I 9 On the other hand, the fall off at the higher fluences is attributed to losses in the cell's relatively deep emitter region.19 4 5 and 6. Figure 5 shows essentially no degradation in short circuit current after 370 days. Hence the flight data indicates no degradation in Pmax when compared to our pre -flight simulator data.
In this same figure it is noted that cell currents below the maximum power point are uniformly low with respect to the pre-flight data and that significant variation of the data occurs near Pmax.
It is not known, at present, whether these variations are influenced by the data acquisition system or are inherent in the cells.
Rough estimates of the expected InP cell degradation, on LIPS III, can be obtained from the 1 MeV electron damage equivalence data for silicon .22 This approximation is necessitated by the fact that there exists no 1 MeV electron damage equivalence data for InP.
Noting that the LIPS III InP cells are equipped with 12 mil glass covers, the 1 MeV electron equivalent fluence for silicon at this glass thickness is 3.5X1013 electrons /cm2year. 22 Assuming that the InP-illuminated data of figure 3 can be extrapolated uniformly back to lower fluences, the absence of Pmax degradation in figure six appears to agree with the behavior expected from the illuminated data of this figure. At any rate, the flight date indicates no degradation in either Pmax or Isc after more than one year in orbit. 
Space Flight Data
To date, the only space flight data for InP cells, comes from the LIPS III flight experiment.' 6 LIPS is an acronym for "Living Plume Shield." The shield's primary purpose is to protect the main satellite payload from solid propellant rocket engine plumes. Rather than being discarded, after its primary shielding mission is completed, a variety of solar cell experiments were placed on the shield's unexposed surface and the shield was placed in orbit slightly in excess of 60° at an altitude of 1100 kilometers. Launch occurred in late spring of 1987. Participants in LIPS III, obviously the third such flight, include contributors from the U.S., West Germany, France and the United Kingdom. Further details of the satellite and unclassified payload can be obtained from publications of the Naval Research Laboratory. 20 There are two types of InP cells on board the satellite.
One InP module contains InP n/p homojunction cells supplied by NASA Lewis
The second experiment consists of ITO/InP cells supplied by the British Royal Aircraft Establishment. We have no data from the RAE experiment. Hence we concern ourselves solely with the NASA Lewis module.
The n/o InP cells were supplied by the Rensselaer Polytechnic Institute. 20 Further details of the small 4 cell module are contained in reference 16. Flight data, obtained after 370 days in orbit are shown in figures 5 and 6. Figure 5 shows essentially no degradation in short circuit current after 370 days.
Considering the current-voltage curves of figure 6, it is noted that cell maximum power, Pmax, occurs on the curve at approximately 0.7 volts. Hence the flight data indicates no degradation in Pmax when compared to our pre-flight simulator data.
In this same figure it is noted that cell currents below the maximum power point are uniformly low with respect to the pre-flight data and that significant variation of the data occurs near Pmax. It is not known, at present, whether these variations are influenced by the data acquisition system or are inherent in the cells. Rough estimates of the expected InP cell degradation, on LIPS III, can be obtained from the 1 MeV electron damage equivalence data for silicon . 22 This approximation is necessitated by the fact that there exists no 1 MeV electron damage equivalence data for InP. Noting that the LIPS III InP cells are equipped with 12 mil glass covers, the 1 MeV electron equivalent fluence for silicon at this glass thickness is 3.5X10 13 electrons/cm 2 year. 22 Assuming that the InP-i11uminated data of figure 3 can be extrapolated uniformly back to lower fluences, the absence of Pmax degradation in figure six appears to agree with the behavior expected from the illuminated data of this figure. At any rate, the flight date indicates no degradation in either Pmax or Isc after more than one year in orbit.
COMPUTER MODELLING
Computer modelling calculations predict AMO efficiencies of over 21% for InP solar cells without concentration (2 
FUTURE DIRECTIONS
Based on the needs of the space program, several research directions are suggested.
At present it appears worthwhile to concentrate on efficiency improvements, cost reduction and the processing of larger area cells.
With respect to efficiency improvements, a worthwhile goal would be attainment of AMO efficiencies of over 21 %. At present, there appears to be no theoretical barrier towards attainment of this goal.
At the same time, it is necessary to maintain the superior radiation resistance of InP.
In practice there is a need for improved substrate quality and reduction of front surface recombination velocity.
This could be attained through use of a front surface transparent passivating coating.
However, to date, no such coating appears to have been found and used for InP solar cells.
At present the major cost component of InP solar cells lies in the wafer used as a starting point for cell processing. On the other hand, the silicon wafer cost is in the vicinity of $5. One could expect some cost reduction if wafers were ordered in large quantity.
However, since only a few microns of InP are needed for the solar cell, considerable cost benefits would ensue if one could process InP solar cells on silicon substrates.
An additional advantage in weight reduction would be supplied by the capability of producing relatively thin cells by chemically thinning the silicon after cell processing.
However the relatively large mismatch in both lattice constant (7.5 %) and coefficient of thermal expansion (4.2 %) between Si and InP tends to introduce dislocations which degrade cell performance. 27 The fact that silicon is an n dopant in InP tends to create problems caused by counterdoping of p -type InP by diffusion. Calculations were performed for a circular cell, suitable for the Cassegranian concentrator^ ancj a rectangular cell appropriate to the SLATS concentrator. 25 The results are shown in figures 7 and 8. 23 The 1 MeV electron data of figure 3 was obtained using InP and GaAs cells of markedly differing geometries and doping concentrations. Since radiation damage is a function of these factors, purists may argue that the comparision is unfair. Fabrication of such identical cells presents difficulties. Hence, in lieu of this, calculations were performed for GaAs and InP cells of identical geometries and dopant concentrations. 26
The expected degradation under 1 MeV electron irradiation was computed for both cell types and the results found to be consistent with the data of figure 3 .26 6. FUTURE DIRECTIONS Based on the needs of the space program, several research directions are suggested. At present it appears worthwhile to concentrate on efficiency improvements, cost reduction and the processing of 1arger area eel 1s .
With respect to efficiency improvements, a worthwhile goal would be attainment of AMD efficiencies of over 21%. At present, there appears to be no theoretical barrier towards attainment of this goal.
This could be attained through use of a front surface transparent passivating coating. However, to date, no such coating appears to have been found and used for InP solar cells.
At present the major cost component of InP solar cells lies in the wafer used as a starting point for cell processing. Currently 2 11 diameter InP wafers, ordered in small quantities, cost between $250 and $350 depending on customer specifications.
On the other hand, the silicon wafer cost is in the vicinity of $5.
One could expect some cost reduction if wafers were ordered in large quantity. However, since only a few microns of InP are needed for the solar cell, considerable cost benefits would ensue if one could process InP solar cells on silicon substrates. An additional advantage in weight reduction would be supplied by the capability of producing relatively thin cells by chemically thinning the silicon after cell processing.
However the relatively large mismatch in both lattice constant (7.5%) and coefficient of thermal expansion (4.2%) between Si and InP tends to introduce dislocations which degrade cell performance. 27 The fact that silicon is an n dopant in InP tends to create problems caused by counterdoping of p-type InP by diffusion. The use of large area cells tends to introduce significant reductions in array assembly costs.
Presently InP cells 4cm 2 in area are routinely produced using the closed tube diffusion process. 13 Since the highest efficiency cells have been produced by OMCVD, it would be desireable to scale up this process. Presently silicon cells 8cm 2 in area, and larger, are routinely produced in large quantities. Whether this can be accomplished for InP remains to be seen.
Current efforts, using OMCVD, are aimed at the more modest goal of producing cells whose area is 4cm 2 . Once this is accomplished, it appears worthwhile to aim for larger area cells providing this can be accomplished without sacrificing both yield and efficiency. With regard to cost reduction, a modest beginning has been made in the attempt to process InP cells using Si substrates. It is anticipated that with increased effort and the production of larger area cells, InP solar cells will play a major role in future space missions, especially those subjected to severe radiation environments. .6 I f u., 1.0
